For the development of commercial scale semi-closed sea systems for farming post-smolt 3 Atlantic salmon (Salmo salar), further knowledge is required on the interaction between fish 4 density, farming conditions and fish welfare. In this experiment post-smolts (115.0 g 13.6) 5 were stocked at 5 different densities (25, 50, 75, 100 and 125 kg m -3 ), and kept at these 6 densities for 8 weeks. All treatments received an equal specific flow rate of 0.6 L kg fish -1 7 min -1 of flow-through seawater (fully oxygenated, salinity 34 ‰ and temp. 9.3°C) and water 8 oxygen (O2), pH, carbon dioxide (CO2) and total ammonia nitrogen (TAN) levels were 9 monitored in the outlet and kept within recommended limits. Over the 8 week period, specific 10 growth rate (SGR %) was significantly reduced in stocking densities of 50 kg m -3 and above. 
min
-1 of flow-through seawater (fully oxygenated, salinity 34 ‰ and temp. 9.3°C) and water 8 oxygen (O2), pH, carbon dioxide (CO2) and total ammonia nitrogen (TAN) levels were 9 monitored in the outlet and kept within recommended limits. Over the 8 week period, specific 10 growth rate (SGR %) was significantly reduced in stocking densities of 50 kg m -3 and above. 11
Increasing density from 100 kg m -3 to 125 kg m -3 lead to a 42 % decrease in SGR. Between 12 50 kg m -3 and 125 kg m -3 there was a correlation between reduced feed intake and increased 13 stocking density and there was a linear increase in feed conversion ratio (FCR) with stocking 14 density (25 kg m -3 to 125 kg m -3 ). At the end of the 8 week period primary and secondary 15 stress responses such as elevated plasma levels of cortisol, sodium, pCO2 and decreased 16 plasma pH were observed in the highest density treatment compared to other treatments. In 17 combination with the reduced SGR in the highest density treatments these results indicate an 18 allostatic overload i.e. the environment has exceeded the adaptive ability of the fish with 19 chronic adverse effects on fish welfare. Stocking densities of 100 kg m -3 or more also 20 increased pelvic fin damage and the prevalence of cataracts was higher in the 125 kg m overall production cost in S-CCS is likely to be higher than in open sea cages (Colt, et al., 7 2008 ) as a consequence of higher initial investments and possible need for oxygenation and 8 water pumping. In this context, increased stocking density has been highlighted as an 9 important factor that can contribute towards reducing overall production costs, provided that 10 fish welfare and performance are not compromised. Several studies have been done on the 11 subject of stocking density and its effects on fish ( Water velocity in each tank was kept stable and equal by adjusting the angle on the inlet water 4 week 4-8. Relative feed intake (RFI, % of body weight per day) was calculated using the cataracts, skin lesions and operculum shortening as described in (Kolarevic, et al., 2013) . 8
Briefly, each fish was scored an integer for each indicator, from 0 (no lesions) to 5 (severe 9 lesions), except for operculum, cataract, and skin lesions score (0-2 score range). All fish 10 were examined by the same operator, whom had no previous knowledge of the experimental 11 treatments that the fish had been exposed to. 12 13
Statistics 14
All data sets were tested for normality using Kolmogorov-Smirnov test. The Hartley 15 F-max test was used to test for homogeneity of variances. A two-way factorial ANOVA was 16 used to study the effect of stocking density and treatment time on physiological parameters. 17 Significant ANOVA's, P < 0.05, were followed by a Student-Newman-Keuls multiple 18 comparison test. Due to unintentional disturbance in one of the replicate 25 kg m -3 treatment 19 tanks during sampling at week 8 it was decided to remove cortisol data from that tank from 20 the statistical analysis, other physiological parameters were tested (Student t-test) and no tank 21 effects among replicate groups were found. A one-way ANOVA followed by a Student-22
Newman-Keuls multiple comparison test was used to compare growth rate (SGR) of tagged 23 individuals between stocking density treatments and welfare score data after 8 weeks. Prior to 24 statistical evaluation, the welfare score data was recalculated to proportions of the maximal 25 attainable score (of 2 or 5), and arcsine transformed. The relationship between stocking 1 density SGR, FI and FCR was demonstrated by multiple regression analysis, using 95% as the 2 critical level for significance. Statistical analyses were performed using STATISTICA 3 (version 12) and all data are given as means  SEM. 4 5 13
Results 1 2

Feed intake, feed efficiency and growth 3
There was no difference in mean weight among treatments at the start of the 4 experiment, after 8 weeks the mean weight was significantly lower in the 100 and 125 kg m -3 5 treatments compared to lower stocking densities ( (Fig. 1A) . Na + was affected by 3 time and stocking density, with an increase in Na + in all treatments the first two weeks of the 4 experiment (P < 0.05, Fig. 1B) . At the last sample point (week 8) plasma Na + was 5 significantly higher in the 125 kg m -3 group, contrary to other groups in which values 6 remained stable (P < 0.05, Fig. 1B) . 7 8
Plasma cortisol and blood glucose 9
Plasma cortisol levels were significantly affected by time and treatment (P < 0.05). 10
After 4 weeks post-smolts kept at the intermediate stocking density (75 kg m -3 ) had 11 significantly elevated cortisol levels compared to other treatments (P < 0.05), levels were 12 decreased at the 6 week sample point but still higher than all other treatments (P < 0.05, treatment after 2 and 4 weeks and was lower than 50 kg m -3 at 6 weeks (P < 0.05). At week 8 22 there was no significant difference in plasma glucose levels between treatments, however 23 plasma glucose levels were significantly higher week 8 compared to week 6 in the highest 24 stocking density (P < 0.005). 25 
Blood pCO2, pH and bicarbonate (HCO3 -) 2
The pCO2 in the blood increased with time in all treatments (P < 0.05, Fig. 3A) . The 3 general trend was an increase in plasma pCO2 the first 4 weeks, followed by a period of 4 stabilization between week 4 and 6. After 8 weeks, pCO2 levels had increased by 2.6-fold in 5 the 125 kg m -3 treatment, and were significantly higher compared to fish in the other 6 treatments (P < 0.05, Fig. 3A) . 7
There were no observed differences in blood pH between the five treatments the first 6 8 weeks of the experiment. At the end of the experiment the blood pH was significantly reduced 9 in fish in the 100 kg m -3 treatment compared to fish in the 25 kg m -3 treatment (P < 0.05). 10 In the present study reduced body weight, negative effects on external welfare and 3 changes in physiology were only observed in the two highest stocking densities, 100 and 125 4 kg m -3 , suggesting that the reduced growth observed in these treatments is directly related to 5 stocking density. Increased competition between fish in the cohort and swimming speed at 6 feeding times has been observed at high fish densities (Kebus, et al., 1992) and it has earlier 7 been concluded that depressed growth can potentially be related to a reduction in access to 8 food through competition or reduced visibility (Holm, et al., 1990; Refstie, 1977; Refstie, et 9 al., 1976). In this study there was a linear increase in FCR with increased stocking density 10 supporting that fish are spending more energy finding feed as density increased. As no effects 11 on physiology and external welfare were observed in the 50 and 75 kg m -3 treatment, the 12 reduced growth in these treatments might be related to the restricted tank depth i.e. the time 13 feed is available in the tank. In a commercial setting the effect on growth may not have been 14 as apparent as the tank depth is greater giving fish more time to find feed even if visibility is 15 reduced due to increased stocking density. In support of this Hosfeld, et al. and O2 within the sea cage can drive crowding. Therefore, Atlantic salmon are in fact 3 commonly experiencing a much higher actual fish density than indicated by the stocked 4 density (Oppedal, et al., 2011) . In semi-closed sea systems oxygen can be added and water 5 can be pumped in from below fluctuating surface layers (Rosten, 2011) . Hence, it is 6 reasonable to expect that rearing conditions are more similar to land-based tanks, where it is 7 possible to produce a stable and homogenous tank environment (Davidson, et al., 2004) . Fish 8 may therefore distribute more evenly than in cages, allowing for operations at higher stocking 9 densities. However, results from this study highlight the need for effective feeding solutions 10
and monitoring when operating with high stocking densities in commercial scale closed 11 containment systems. 12
To maintain optimal water quality in all treatments a biomass specific water flow of 13 0.6 L kg fish -1 min -1 was used and this causes water retention time to decrease with increased 14 density. In a large scale system this could lead to a high water velocity in the tank and drag 15 near the outlet that could have negative effects on production performance (Solstorm, et al., 16 2015) . In this experiment the inlet pipe was adjusted to create an equal water velocity in all 17 tanks and with only 500 L of water the drag force from the tank outlet is expected to be 18 negligible. Hence, it is unlikely that the effects observed in the higher density treatments are 19 related to hydraulic retention time. suggests that the increase in cortisol was an adaptive allostatic response to maintain internal 11 stability. The significant cortisol increase in the highest density treatment (125 kg m -3 ) after 8 12 weeks may indicate an acute response, to an accumulating allostatic load in which fish were 13 able to compensate for earlier in the experiment. Besides an increase in cortisol secondary 14 responses like increased blood glucose, Na + , pCO2 and decreased blood pH were also 15 observed after 8 weeks in the highest stocking density. Increased blood CO2 is also caused by 16 increased activity (Stevens, et al., 1967; Wood, et al., 1977) further suggesting that 17 competition/aggression in relation to high density may be taking place. Overall, the present 18 results indicate an allostatic overload and a situation in which fish are no longer able to cope 19 with increased stress in the highest stocking density. 20
The ion transporting enzyme Na + , K + ,-ATPase (NKA) present in the basolateral 21 membrane of the branchial epithelium is associated with the excretion of ions in a 22 hyperosmotic environment (Marshall, et al., 1998) . In the present study, the sharp increase in 23 gill NKA activity followed by stabilization at a higher level in all treatments is consistent with 24 the seawater acclimation process known to occur in salmonids shortly after transfer to 25 seawater (Berge, et al., 1995; Handeland, et al., 1998; Madsen, et al., 1989) . The lack of 1 difference in NKA activity between treatments in the first period of the experiment suggests 2 that stocking density does not affect this seawater acclimation process. The drastic increase in 3 Na + plasma levels in the 125 kg m -3 treatment at the end of the experiment, despite no 4 differences in gill NKA activity, suggest that fish are unable to adjust gill NKA activity to 5 regulate Na + levels. The ion-regulatory functions of NKA are energy dependent (Marshall, et 6 al., 1998; Sinha, et al., 2015) , and the reduced feed intake and glucose levels suggest that the 7 energy reserves needed to elicit such a response may be prioritized in other physiological 8 processes amongst fish in the highest stocking density. Stress can also impact the ion-9 regulating function of the epidermal tissue in gills, skin and intestine through an increase of 10 paracellular permeability which could explain the influx of Na + (Segner, et al., 2012) . 11
Increased blood glucose in response to an acute stressor is also a typical secondary response 12 reported in fish, with the function of dissipating energy in order to react to a threat (Barton, et 13 al., 1991). In this study plasma glucose was reduced in the highest stocking density during the 14 first 6 weeks, this may be related to a reduced feed intake in this treatment, however although 15 on the low side all treatments are within the normal range reported for salmonids (Arnesen, et 16 al., 1993; Miller Iii, et al., 1983) . Though an overall lower blood glucose in the highest 17 stocking density, there was a significant increase from week 6 to week 8 indicating that 18 energy reserves are being mobilized in order to cope with a stressful stimuli. Generally, the 19 responses observed in this study imply that there is a time period in which fish can cope with 20 high stocking densities, but if this window is surpassed wide-spread physiological changes 21 result. The present study was conducted at a temperature regime corresponding to the mean 20 water temperature in the geographical area in Norway where it is currently of most interest to 21 develop semi-closed sea systems. Effects of stocking density may be more adverse at higher 22 temperatures due to the interacting effects of increased excretion (CO2 and NH3) reducing the 23 water quality, thus further studies are needed to understand optimal post-smolt densities at 24 different temperatures. Density effects will also depend on post-smolt size since smaller fish 25 21 have a higher mass excretion rate (Terjesen, 2008) . Hence, density guidelines in this paper 1 should be applied with consideration to the prevailing environmental and biological factors. 
